Abstract. Previous studies have described high levels of polychlorobiphenyls (PCB), polybrominated diphenylether (PBDE), toxaphene, p,p 0 -dichlorodiphenyltrichloroethane (DDT), and p,p 0 -dichlorodiphenyldichloroethylene (DDE) in the blubber of the harbour porpoise from the North Sea raising the question of a potential endocrine disruption in this species. In the present study, the thyroids of 57 harbour porpoises from the German and Danish (North and Baltic Seas), Norwegian, and Icelandic coasts have been collected for histological and immunohistological investigations. The number of follicles and the relative distribution of follicles, connective, and solid tissues (%) were quantified in the thyroid of each individual. Then, the potential relationship between the thyroid morphometry data and previously described organic compounds (namely, PCB, PBDE, toxaphene, DDT, and DDE) was investigated using factor analysis and multiple regressions. Thyroid morphology differed strongly between sampling sites. Porpoises from the German (North and Baltic Seas) and Norwegian coasts displayed a high percentage of connective tissues between 30 and 38% revealing severe interfollicular fibrosis and a high number of large follicles (diameter >200 lm). A correlation-based principal component analysis (PCA) revealed two principal components explaining 85.9% of the total variance. The variables PCB, PBDE, DDT, and DDE compounds loaded highest on PC1 whereas toxaphene compound loaded most on PC2. Our results pointed out a relationship between PC1 (PCBs, PBDE, DDE, and DDT compounds) and interfollicular fibrosis in the harbour porpoise thyroids. Such an association is not alone sufficient for a cause-effect relationship but supports the hypothesis of a contaminant-induced thyroid fibrosis in harbour porpoises raising the question of the longterm viability in highly polluted areas.
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The harbour porpoise (Phocoena phocoena) is the most common cetacean species in the North and Baltic Seas (Hammond et al. 2002) . Beside substantial incidental catches, competition with fishery, noise disturbance, and chemical pollutants are likely to contribute to its decrease in recent years (Benke et al. 1998; Hammond et al. 2002; Read 2002) .
The harbour porpoise as a predator may accumulate high concentrations of persistent inorganic and organic pollutants in its tissue (Aguilar and Borrell 1995; Das et al. 2003; Reijnders and Aguilar 2002) . Organohalogens are industrial chemicals, by-products of the chemical industry, or pesticides, and may exert toxic effects on wild and laboratory organisms (Wright and Welbourn 2002) . Organohalogens such as toxaphene, polybrominated diphenylether (PBDE), polychlorinated biphenyls (PCB), dichlorodiphenyltrichloroethane (DDT), and dichlorodiphenyldichloroethylene (DDE) compounds are strongly suspected to have endocrine-disrupting effects on several fish and mammal species (Aguilar and Borrell 1995; Bruhn et al. 1995; Brouwer et al. 1999; Gregory and Cyr 2002; Wright and Welbourn 2002) .
Many pathological lesions have previously been reported in marine mammal species that have been exposed to contaminants with known endocrine-disruptive properties (Gregory and Cyr 2002) . Beside reproduction effects, severe adrenocortical hyperplasia, thymic atrophy, splenic depletion, osteoporosis, intestinal ulcers, claw malformations, arteriosclerosis, uterine cell tumors, and decreased epidermal thickness have been reported in grey and ringed seals from the polluted Baltic Sea (Bergman 1999; Bergman and Olsson 1985; Bergman et al. 2002) . Few environmental and laboratory researchers have focused on the disruption of the thyroid system, despite the fact that many wildlife species in the world suffer unusual thyroid gland development and ratios of circulating thyroid hormones (THs) (Colborn 2002) . Thyroid hormones are important regulators of intermediary metabolism, growth, neural development, and aspects of reproduction (Gregory and Cyr 2002; Sher et al. 1998) . In cetaceans and other mammals, these hormones are also believed to play an important role in controlling heat loss (McNabb 1992) .
Organohalogen compounds such as PCBs and PBDE interact with thyroid hormone expression principally triiodothyronine T3 and thyroxine T4 in fish, rats, and seals (Brouwer et al. 1989 (Brouwer et al. , 1999 Braathen et al. 2004; Hall et al. 1998 Hall et al. , 2003 Woldstad and Jensen 1999; Zhou et al. 2000; Debier et al. 2005) . Because of structural similarities, PCBs congeners (and their hydroxylated metabolites) and thyroid hormones compete for the same binding sites on transport proteins such as transthyretin (TTR) (Brouwer et al. 1989 (Brouwer et al. , 1998 . Impairment of thyroid functions such as a decrease of thyroid levels, colloid depletion of thyroid follicles, and fibrosis were previously associated with PCB contamination in harbour seals (Brouwer et al. 1989; Schumacher et al. 1993) . Evaluation of the thyroid gland morphology may, therefore, be a suitable indicator for compounds that interfere in thyroid hormone metabolism (Brouwer et al. 1999; Schumacher et al. 1993) .
The level of organohalogen compounds in the blubber of marine mammals depends upon the species, metabolism, body condition, sex, age, diet, and geographical area (Jepson et al. 1999 (Jepson et al. , 2005 Shea and Tanabe 2003) . High levels of PBDE, DDT, and PCBs were previously described in porpoises from the North and Baltic Seas compared to northern coasts of Norway, Iceland, and Greenland (Bruhn et al. 1999; Kleivane et al. 1995; Siebert et al. 2002; Thron et al. 2004) . The question arises about the potential endocrine disrupter effect in these porpoises encountering high levels of organic contaminants.
To investigate possible associations between chronic exposition to organic pollutants and thyroid function in harbour porpoises, the structure of thyroid glands of 57 harbour porpoises from German and Danish, Norwegian, and Icelandic waters was examined. The different compartments of the thyroid gland (follicle, connective, and solid tissues) were quantified by histomorphometric and immunohistological analysis and their relative proportion was related to previously described toxaphene, PCB, DDT, DDE, and PBDE compounds (Bruhn et al. 1999; Thron et al. 2004; Siebert et al. 2002) .
Materials and Methods

Tissue Sampling
Between 1998 and 2001, tissue samples (thyroid, blubber) were collected on 17 porpoises from the German and Danish Baltic Sea, 14 from the German North Sea, 12 from Icelandic, and 14 from Norwegian waters (Fig. 1) . Post-mortem investigations were performed according to standard protocol (Siebert et al. 2001) . Of the 57 investigated animals, 19 were males and 38 females. Forty-five harbour porpoises were caught animals and 12 porpoises were stranded. The age was determined by counting the dental growth layers (Lockyer 1995) .
Histology and Immunohistochemistry
Samples of the thyroid glands were fixed in 10% formalin and embedded in paraffin wax at 60°C for histological and immunohistological investigations. Paraffin wax-embedded tissue sections (5 lm) were stained with hematoxylin and eosin (HE) and by elastic van Gieson for the detection of collagen.
For immunohistochemistry, a polyclonal rabbit anti-human thyroglobulin antibody (Code No A 0251, DAKO Corporation) and the Avidin-Biotin-Peroxidase complex method was used as described previously (Baumgärtner et al. 1989) . The serum used was from a goat (PAA Laboratories GmbH). A monoclonal antibody against the T-cell surface antigen of chicken lymphocytes (T1) was used as a control. The polyclonal antibody against thyroglobulin was used in a solution of 1:2600 (in TBSc). A biotinylated anti-rabbit-immunoglobulin (Vector Laboratories Inc., BA 1000) was used as a secondary antibody. The sections were then treated with avidin-biotin-peroxidase complex (ABC) (Vector Laboratories Inc., PK 4000). As a positive control, thyroid gland sections were treated with the control antibody. Furthermore, previously positively stained sections were used as a control.
Scoring of the Thyroid Gland
For semiquantitative evaluation, ten randomly selected visual fields in the microscope with a magnification of 200 of each section were observed. The tissue proportion of the thyroid gland was determined. The proportion of the follicle, solid, and elastic connective tissue was estimated and divided into 5 categories (0-5%, 5-25%, 25-50%, 50-75%, 75-100%). For each tissue type, a mean value was assigned (Table 1 ). The calculation of the median used for statistical analyses was performed from 10 values per individual.
Diameter of Thyroid Gland Follicles
Size and quantity of the thyroid gland follicles were registered. Five images, at microscope magnification of 48 (ocular), were taken of each thyroid slide (Van Giesson coloration). Furthermore, the number of follicles with a diameter smaller than 3 mm (small follicles; real diameter < 62.5 lm), between 3 and 10 mm (medium size follicles; real diameter: between 62.5 and 208 lm), and larger than 10 mm (large size follicles, real diameter > 208 lm) were determined.
PCBs, PBDEs, Toxaphene, DDT, and DDE Analyses
The blubber concentrations of 6 individual polychlorinated biphenyl (PCB) congeners, 5 individual polybrominated diphenylether (PBDE) congeners, 5 toxaphene congeners, p,p 0 -dichlorodiphenyltrichloroethane (DDT), and p,p 0 -dichlorodiphenyldichloroethylene (DDE) were measured using standardized methods (Bruhn et al. 1999; Thron et al. 2004) . Detailed method and results are presented elsewhere (Bruhn et al. 1999; Siebert et al. 2002; Thron et al. 2004) . Briefly, after lipid Soxhlet extraction, blubber samples were analyzed for PCBs, PBDEs, toxaphene, p,p 0 -DDT, and p,p 0 -DDE. The levels of 5 individual PBDE congeners (IUPAC nos. 47, 99, 100, 153, 154) were determined by GC/MS-EI. The levels of 5 individual toxaphene congeners (Parlar nos. 26, 40, 42, 44, 50) were determined by GC/MS-NCI. PCB concentrations correspond to the sum of 6 congeners (nos. 99, 149, 138, 153, 180, 187) . All data are expressed in ng g
)1 of lipid.
Statistical Analyses
The statistical analysis of the data was performed with the statistical program package SPSS 11.5.0. Contaminant values were log-transformed to achieve homogeneity of variances and normal distribution.
Thyroid tissue compartments (solid, follicles, and connective tissues) were standardized such that their sum equaled one. The number of follicles (small, middle size, and large diameter) were added to a constant (one) and subsequently log-transformed. The relationships between thyroid tissue distribution and toxicological data were analyzed in two steps. First, a correlation-based principal component analysis (PCA) was performed to reduce the 5 original pollutant variables in order to avoid misleading results due to correlating independent variables (''multi-collinearity'') in subsequent analyses. After the transformation, none of the distributions differed significantly from normality (one-sample Kolmogorov-Smirnov test: all n ‡ 52, all p ‡ 0.1; no alpha-level adjustment applied). The PCA was indicated because a considerable proportion of the correlations between the transformed variables was rather large (seven out of ten correlation coefficients larger than 0.5) and, correspondingly, justified by a Kaiser-Meyer-Olkin measure of sampling adequacy equaling 0.606 (which is above the required value of 0.5) as well as BartlettÕs Test of Sphericity revealing significance (chi-squared = 201, d.f. = 10, p < 0.001; McGregor 1992). Thereafter, multiple linear regressions were applied with the two factor scores revealed by the PCA and age as the independent variables and thyroid tissue proportion (follicles and connective tissues) or numbers of follicles as the dependent variable. Thus, we calculated a total of five multiple regressions, one for each of the five dependent variables, separately. Solid tissue was excluded from the multiple regression because its proportion exhibited a strong negative correlation with elastic tissue (Pearson correlation: r P = )0.86, n = 58, p < 0.001), meaning that one of the two variables could explain the other. It must be quoted that this global approach combining all the studied compounds was preferred because the pollutants act as a mixture with synergic and antagonistic behaviour.
The bi-plot (see Fig. 5 ) is based on PearsonÕs correlation coefficients between percentages of tissues as well as numbers of small, medium, and large follicles, on the one hand, and principal components, on the other hand (Gabriel 1971) . In order to reduce the degree of skewness in the distributions of these variables, we arcsine transformed solid and connective tissue percentages and arcsine transformed the square root of follicular tissue percentage. However, these transformations were not sufficient with regard to revealing normally distributed data. Hence, parametric and nonparametric correlations were both calculated. However, results of both tests were the same with regard to the direction and significance of correlation coefficients, indicating that conclusions are not influenced by deviations from the assumptions of parametric correlation. Further on, only parametric correlation coefficients were reported.
Intersite comparison was investigated using one-way ANCOVA followed by post-hoc Tukey tests. Since we performed multiple tests on single null hypotheses (e.g., no difference between the study areas with regard to tissue variables), an adjustment of the probability of a'- 
derived from conversion of the Dunn-idµk method (Sokal and Rohlf 1995) and in which p Ck denotes the corrected p-value, a 0 equals the originally derived p-value, and k equals the number of tests. We calculated effect sizes applying the formula indicated in Bortz (1999) .
Results
Histological Investigations
Three tissue compartments were distinguished in the thyroid gland: epithelium cells, follicles, and connective tissues (Figs. 2 and 3) . Irregular or oval follicular lumens surrounded by follicular epithelial cells were seen in the parenchyma of the thyroid (Figs. 2 and 3 ). Narrow to large connective tissue strands can be found between the follicles (Fig. 2b) . Connective tissue is typically rich in fibrous tissues and contained very few cells. The tissue proportion median in the visual fields in the microscope ranged from 15 to 87.5% for the solid tissues, 2.5 to 37.5% for the follicles, and 2.5 to 62.5% for the connective tissues ( Table 2) .
The rabbit polyclonal antibody designed to react against human thyroglobulin cross-reacted positively in the thyroid of the harbour porpoises (Fig. 4) . Thyroglobulin was positively detected in the lumen of the follicles either disseminated in the parenchyma or in the follicular epithelial cells.
Intersite comparisons revealed that harbour porpoises from Iceland displayed a lower proportion of connective tissue compared to porpoises from Germany (North and Baltic Seas) and Norway (p < 0.001) ( Table 3 ). The proportion of follicles (%) did not vary between locations (p > 0.1) (one-way ANCOVA, Table 3 ). Harbour porpoises from Iceland displayed also a higher number of small follicles compared to porpoises from other locations (p < 0.001). Table 2 . Morphometry of the thyroid gland and organochlorine concentrations (ng g
)1 lipid) in the blubber of harbour porpoises from German and Danish Norwegian, and Icelandic coasts (Siebert et al. 2002; Thron et al. 2004) German coast North Sea (n = 14) Data are given as mean (median) € standard deviation, range of concentrations (minimum-maximum); n: number of samples; nd: not determined.
Relationship with Pollutants
PCBs, PBDE, toxaphene, DDE, and DDT results (Table 2) were extracted from a larger study presented elsewhere (Siebert et al. 2002; Thron et al. 2004) . A correlation-based principal component analysis (PCA) revealed two principal components that explained 85.9% of the total variance (Table 4) . The variables PCB, PBDE, DDT, and DDE compounds loaded highest on PC1 (all loadings positive and all at least 0.73) whereas toxaphene compound loaded most on PC2 (loading: 0.72).
Multiple regressions of these two principal components with tissue proportions and number of follicles revealed a significant relationship between pollutants and thyroid lesions (Table 5) . PC1 (PCBs, PBDE, DDT, DDE) was negatively correlated to the proportion of follicle tissue (%) and to the number of small and middle-size follicles. PC1 was also positively correlated to the proportion of connective tissue (Table 5 ). PC2 was negatively correlated to the proportion of connective tissue and to the number of large follicles. PC2 (mainly toxaphene) was also positively correlated to the number of small follicles.
The response of the vector ''connective tissue'' co-varied strongly with the levels of PCBs concentration in the blubber (Fig. 5) . This bi-plot, retaining all individuals, is based on PearsonÕs correlation coefficients between percentages of tissues (% of solid tissue, % of follicular tissue, and % of connective tissue) as well as numbers of small, medium, and large follicles, on the one hand, and principal components (PC1), on the other hand.
Discussion
The present study revealed strong variability in ultrastructural morphology of the harbour porpoise thyroid. Harbour porpoises from the German coast (North and Baltic Seas) and Norwegian coasts displayed a higher proportion of connective tissue than porpoises from Icelandic coasts. Furthermore, porpoises caught along the Icelandic coasts had a higher proportion of solid tissue (parenchyma) and smaller-size follicles. Porpoises collected along the German and Norwegian coasts (North and Baltic Seas) displayed a percentage of connective tissue up to 60% revealing a severe dysfunction of their thyroid gland. In the thyroid and other tissues, the progressive accumulation of connective tissue, a complex and dynamic process termed fibrosis, represents an event following a repeated or chronic insult of sufficient intensity to trigger a ''wound healing''-like reaction (Banks 1986; Jubb et al. 1993) . The underlying mechanisms leading to thyroid fibrosis are unclear but would result from tissue damage and disturbed inflammatory reaction (Contempre et al. 1996) . The factors involved in the thyroid fibrosis process include follicular atrophy, thyroiditis, radiation, carcinoma, selenium deficiency, and chronic exposure to organic contaminants (Gemma et al. The boldface values refer to the main correlation between the PCs and the variables.
2001; Hanson et al. 1983; Jubb et al. 1993; Schumacher et al. 1993; Contempre et al. 1996) . Replacement of thyroid follicles tissue by connective tissue results in severe impairment of the thyroid function.
Our results pointed out a relationship between PCBs, PBDE, DDE, and DDT compounds and histological characteristics of the harbour porpoise thyroids. The increase of connective tissues in this tissue is mainly correlated to the increase of component 1 (PCBs, PBDE, DDE, DDT concentrations in the blubber). Furthermore, the response of the vector ''connective tissue'' co-varied strongly with the levels of PCB illustrated by the small angles between the two vectors (Fig. 5) .
Harbour porpoises from Iceland displayed far lower PCB, PBDE, DDE, and DDT concentrations in the blubber than porpoises collected along the German or Norwegian coasts while toxaphene concentration was higher in porpoises from Iceland (Thron et al. 2004) .
Previous studies have demonstrated that these environmental contaminants can alter various aspects of thyroid function in several vertebrate species (e.g., Brouwer et al. 1989; Byrne et al. 1987; Chiba et al. 2001; Collins et al. 1977; Collins and Capen 1980a , 1980b , 1980c Desaulniers et al. 1999; Langer et al. 1998; Schumacher et al. 1993; Sepkovic and Byme 1984; Tryponas et al. 1984) . The cellular mechanisms involved in thyroid pathology are poorly known. Generally, endocrine disrupter compounds act at multiple sites via multiple mechanisms of action. The generally accepted paradigm for receptor-mediated response includes interactions of chemicals with hormonal receptor systems and transportbinding proteins (Wright and Welbourn 2002) . Several PCB congeners are metabolized by the cytochrome P-450 enzymes and form hydroxymetabolites that can interfere with the blood transport system of T4 (thyroxin-transthyretin) (Brouwer and Van Den Berg 1986; Brouwer et al. 1989 Brouwer et al. , 1998 . By exhibiting structural similarities with T4, some OC hydroxymetabolites compete for the binding site of T4 on its transport protein (TTR), resulting in a loss of free T4 from the circulation (Brouwer and Van Den Berg 1986; Brouwer 1989; Brouwer et al. 1998) .
Thyroid hormone levels in the blood of grey seals during their first year of life were significantly correlated to total PBDEs in the blubber (Hall et al. 2003) . Seals with higher blubber PBDEs had relatively significantly higher blood TT4 and TT3 concentrations (Hall et al. 2003) . Much of the toxicological work on laboratory animals has reported a negative correlation between organohalogens and serum levels of hormones. Experimental PCB exposure on rats revealed low T4 levels in the serum combined to hypertrophy of follicular cells, extensive dilation of rough endoplasmic reticulum, only occasional colloid droplets, and limited lysosome-colloid droplets interaction (Collins and Capen 1980c; Kazka et al. 1978) . PCBs depress plasma levels of T4 in seals and in polar bears (Braathen et al. 2004; Brouwer et al. 1989; Reijnders 1986 ). Seals fed fish from the Wadden Sea (highlevel PCB contamination) had significantly lower concentrations of plasma retinol, total (TT4) and free thyroxin (FT4), and triiodothyronin (TT3) as compared to seals fed fish from the northeast Atlantic (low-level PCB contamination) (Brouwer et al. 1989) . Concentrations of PCBs in serum lipids were negatively correlated with serum vitamin A and T3 in the juvenile California sea lions, potentially reflecting PCB-related toxicity (Debier et al. 2005) . Environmental contaminants acting as endocrine disrupters upset the thyroid hormone balance of mammals (Brouwer et al. 1989; Hall et al. 1998 Hall et al. , 2003 Debier et al. 2005) and may produce histological detectable abnormalities such as colloid depletion and fibrosis in their thyroid, resulting in impairment of thyroid function (Schumacher et al. 1993; Gregory and Cyr 2003) .
Conclusions
Although the relationships found between organohalogen burdens and thyroid dysfunction is not evidence of a direct cause-effect association, we cannot reject the hypothesis that contaminants such as PCBs, PBDEs, DDT, and DDE may interfere with the harbour porpoise thyroid functions leading to severe interfollicular fibrosis. Furthermore, the influence of these findings on the endocrine and health status of the harbour porpoises have to be clarified.
